The X-ray fluorescence holography (XFH) method has drawn the attention of many researchers as a novel experimental technique for imaging a three-dimensional local atomic structure around a certain element in a single crystal. Synchrotron radiation (SR) has been mainly used for the measurements because of extremely weak signals which are about 0.3 % of isotropic fluorescent radiation. The measurements limited to the use of a SR source clearly hinder from increasing the number of the users. Thus, we developed a laboratory XFH equipment with a conventional X-ray source by using a singly bent graphite monochromator with a large curvature and X-ray detector for a high counting rate. With this equipment, we have successfully demonstrated that high-quality hologram data of a gold single crystal almost equivalent to those with a SR source are obtained. Four different holograms are recorded in the normal and inverse XFH modes. An atomic image reconstructed from these holograms patterns shows a distinct atomic image of Au.
INTRODUCTION

Holographic
microscopy invented by Gabor [1] is a three-dimensional (3D) imaging technique. In 1986, Szöke [2] proposed an atomic resolution holography using photoelectrons or fluorescent X-rays. This idea was first realized with photoelectrons in 1990 [3] . The atomic resolution holography with fluorescent X-rays, so-called X-ray fluorescence holography (XFH), was performed by Tegze and Faigel in 1996 [4] . Recently, there are some applications for determination of 3D local atomic structures in some materials, such as dopants in GaAs [5] , a quasi crystal [6] , a FePt film [7, 8] , and a SiGe semiconductor [9] .
XFH has the normal [4] and inverse XFH [10] modes which are schematically explained in Figures 1(a) and (b), respectively. In the normal XFH mode, a wave source is atoms emitting fluorescent X-rays in a sample. A part of the fluorescent X-rays are scattered by neighboring atoms and interfere with those directly traveling outside the sample, which forms a hologram with atomic resolution. On the other hand, the inverse XFH mode is based on the optical reciprocity of the normal XFH method. The hologram is formed by interference between incident X-rays and those scattered by neighboring atoms at fluorescent atoms. The hologram is recorded as a function of the direction of incident X-rays. The energy for constructing holograms in the normal mode is restricted to that of fluorescent X-rays. In the inverse mode, any energy above the absorption edge of a fluorescent element can be selected. Atomic images are reconstructed from holograms by the simple numerical algorithm [11] .
The experimental difficulty of XFH is how to observe accurately extremely weak holographic signals which are of the order of 10 -3 of isotropic fluorescent radiation. Therefore, most of XFH experiments have been performed at synchrotron radiation (SR) facilities. In the present study, a laboratory XFH equipment with a conventional X-ray source has built to conveniently carry out some preliminary and basic researches and to increase the number of users. The laboratory XFH equipment has been developed using a singly bent graphite monochromator with a large curvature and a high count-rate X-ray detecting system [12] .
Atomic images reconstructed from holograms have a serious problem, so-called the twin-image problem, that is, a conjugate image present at the center-symmetrical position of a real image. By overlapping a real image with a conjugate image, even the real image often disappears. This is called the real-twin image cancellation [13] . Distortion of atomic images is mainly due to this phenomenon. In order to solve this problem, the multiple energy X-ray holography (MEXH) [10] was proposed. In MEXH, image functions reconstructed at various energies are summed by Barton's multiple-energy algorithm [14] . In the summed-up image, phases are constructively added at true atomic positions, while they are randomly added at twin image positions. In order to eliminate the twin image, 5-10 holographic patterns are recorded. MEXH is generally carried out by the inverse mode with an energy-tunable SR source. This is another important reason to measure holograms with SR.
With a conventional X-ray source in a laboratory, however, the MEXH method using the inverse mode is hardly carried out since high-intense monochromatic X-rays are limited to characteristic radiations of target materials. Tegze et al. [15] reported atomic images reconstructed from 4 holographic patterns, at 2 energies of SR in the inverse mode, and in both normal and inverse modes at the laboratory X-ray source. In the present work, we observed 4 holographic patterns for 10 days in total by the normal and inverse modes with only the laboratory XFH equipment and tried to improve a reconstructed atomic image. We describe the details of hologram measurements with the both modes in this laboratory XFH equipment and evaluate its performance from a reconstructed 3D gold atomic image.
EXPERIMENTAL
Figure 2(a) shows a schematic drawing of a high-intense incident X-ray system for the laboratory XFH equipment. A 21 kW rotating-anode X-ray generator with a molybdenum target was adopted as an X-ray source. A cylindrically bent graphite crystal [16] with a 21 mm curvature radius (Matsushita Electric Co.) in Figure 2 photons per second per mm 2 when the X-ray generator set at 60 kV and 350 mA. This is more than 100 times as intense as non-focused monochromatic X-rays. Figure  2 (d) shows the schematic drawing of the incident-beam monitor.
Incident X-ray beams were passed through two pinholes with a 2 mm diameter at the entrance and exit of the monitor. The convergent angle of passed-through X-ray beams is about o 2 . 1 . Intensity of the incident beams was monitored by measuring both fluorescent and scattered X-rays from a copper foil of 2 µm thickness with an avalanche photodiode (APD) [17] which can collect X-rays even at a high count rate of ～ 5 × 10 6 cps without any counting loss. Figures 3(a) and (b) show the experimental setup for the normal and inverse XFH modes in the present study, respectively. Fluorescent X-rays emitted from a sample were detected by a solid state detector (SSD) which was designed for detecting X-rays at a count rate of ～10 5 cps with an energy resolution of about 200 eV. The sample was mounted on the rotatable stage of φ. The incident and exit angles of the X-rays, θ 1 and θ 2 , were automatically controlled by a double-axis diffractometer. The intensity of the fluorescence was measured as a function of azimuthal angle (φ) and polar angle (θ 1 or θ 2 ). In the normal mode, the θ 2 angle is a polar angle, and the θ 1 angle is kept constant. A pinhole slit is set in front of the SSD to determine the angular resolution of holograms. In the inverse mode, the relation between θ 1 and θ 2 is a reverse of that of the normal mode. The pinhole is not set in front of the SSD. The SSD is closely placed near the sample to catch the fluorescence with a large solid angle. In the inverse mode, the convergent angle of incident X-rays determines the angular resolution of holograms.
Present experimental conditions for measuring holograms in a 001 gold single crystal are summarized in Table 1 . In the inverse XFH measurements, Au L α and L β fluorescent X-rays were detected for recording a holographic pattern. The X-ray generator was set at 50 kV and 50 mA so as to limit the total count rate at the detector to about 10 5 cps. The total intensities of the Au L α and L β fluorescent X-rays at each pixel were about 5×10 5 counts with an integration time of 5 s. In the normal XFH measurements, the pinhole with a 3 mm diameter was set in front of the SSD so as to detect fluorescent X-rays with the receiving angle of about 
SUMMARY
A laboratory XFH equipment with a singly bent graphite monochromator and a high count-rate X-ray detecting system was developed. In order to obtain clear atomic images, multiple-energy holograms were measured by combining the normal and inverse XFH measurements in the present equipment. As a result of the hologram measurements of a gold 001 single crystal, a clear holographic pattern almost equivalent to that with SR was obtained. The measurement times were about 2 days in the inverse XFH mode of Mo K α (17.44 keV) and about 8 days in the normal XFH mode of Au L α (9.71 keV), Au L β (11.49 keV) and Au L γ (13.38 keV). In the atomic images reconstructed from the four holographic patterns in the both modes, the artifacts were significantly suppressed and clearer atomic images are obtained. The present work demonstrated the successful measurements of XFH with the laboratory XFH equipment and in combination of the MEXH method, we will be able to investigate further details of 3D atomic structures even with this laboratory equipment.
